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23
To understand the temporal pattern of fine-root dynamics and the factors that affect it, we investigated 24 the seasonal and interannual variation in fine-root production (FRP) and fine-root mortality (FRM) rates,
25
as well as fine-root biomass (FRB) and necromass in a cool temperate forest in northern Japan that was 26 covered with dense understory vegetation of Sasa senanensis. We measured the root length density
27
(RLD) and the rate of root production and mortality over 3 years using minirhizotrons, and compared 28 these rates with temperature, precipitation, soil moisture, and plant area indices (PAI). We also measured 29 the FRB and the necromass of fine roots four times per year for 2 years using soil cores and calculated 
58
Hendrick and Pregitzer, 1993; Vogt et al., 1996; Tateno et al., 2004) . However, considerable uncertainty 59 remains regarding the extent to which fine-root turnover and FRP can be generalized as both of these 60 factors can vary considerably, even under the same environmental conditions. In addition, since our 61 current knowledge of below-ground fine root dynamics and productivity is considerably more limited 62 than it is for above-ground biomass, further studies need to be conducted in this area.
63
Information on the temporal variation in FRB, FRP and fine-root mortality (FRM) is essential for 64 estimating fine-root turnover and FRP. Although seasonal variation in FRB has been reported to be a small part of variation compared to spatial variation (Yuan and Chen, 2012) , relating the temporal 66 patterns of fine-root dynamics to climatic factors at a local scale is necessary for generalizing FRP 67 characteristics and for anticipating fine-root dynamics under a changing climate (Tierney et al., 2003) .
68
Minirhizotron-based techniques are useful for detecting temporal changes in fine-root dynamics because 
73
there is a discrepancy in the peak period of root production. 
90
In northern Japan, Sasa dwarf bamboo grows very densely as understory vegetation in forest ecosystems.
91 Fukuzawa et al. (2007) showed that the FRB of Sasa spp. is larger than that of the trees in such 92 ecosystems and suggested the possibility that the leaf phenology of Sasa determines the pattern of FRP.
93
Their study focused on the role of Sasa in carbon and nutrient cycling in cool temperate forests.
94
However, because their study was based on observations from a single year with no observations from 95 autumn to winter, the resulting data had uncertainties regarding seasonal and interannual variations in 96 the pattern of fine-root dynamics. Ruess et al. (1998) 
110
The objectives of this study were as follows: (1) 
185
For the calculation using RLD max , we used FRB data obtained within one month after the RLD max was 
192
However, due to the lack of biomass data in 2002, we did not calculate mass-based FRP in 2002 using
193
RLD mean . We also evaluated the 3-year mean of mass-based FRP and FRM using mean turnover rates
194
and mean FRB during the observation period using the following equations.
196
Mass-based FRP (g m -2 yr -1 ) = FRB (g m -2 ) × Turnover rate of production (yr -1 ) (Eq. 3) 
226
To estimate the annual biomass increment of above-ground parts and coarse roots, we measured the 227 radii of whole tree rings (half of DBH) and tree ring widths for the previous 5 years of three mature oak 228 trees that were cut in 2001, with three replications per tree. We calculated the ratio of the mean annual 229 increments in the radii (DBH) and the ratio of the annual increments in DBH as the radius at time t
230
divided by the radius at time t-1. We then estimated the above-ground woody and coarse root biomass
231
increments by multiplying each biomass by the ratio of the annual increment in DBH. We collected the 
249
A repeated-measures ANOVA was used to examine the effects of depth, time of observation, and their 250 interaction on the average values obtained for FRB, fine-root necromass, length-based production, and 251 mortality for each year. Between-subject effect was evaluated as soil depth; within-subject effect was 252 observation date (season). For FRB and fine-root necromass, additional analyses were also conducted by was tested and degrees of freedoms were Greenhouse-Geisser adjusted if the assumption was violated.
255
The analyses were conducted with JMP software (SAS Institute, Cary, North Carolina, USA).
256
Differences in ALRP, ALRM, and turnover rates for production and mortality between years were 257 analyzed using one-way ANOVA followed by a Tukey HSD test. Table 1 ). There was no significant difference in fine-root necromass among sampling dates.
295
The quantity of fine-root necromass was consistently less than FRB, with the biomass to necromass ratio ranging from 8.4 to 20.1.
298
3.3. Root length density, production, mortality and turnover
300
In contrast to FRB, minirhizotron measurements revealed marked temporal variation in RLD (Fig. 4) , 
310
Length-based FRP rate was high in the growing season but low during the period from September to 311 April (Fig. 5) , and there was a significant difference between observation time and soil depth (Table 1) .
312
In 2002, FRP in August was significantly higher than in the other months, but it remained high from 
322
was higher than ALRM for all years and depths ( Table 2 ). The ratio of ALRP to ALRM increased with 323 increasing soil depth, indicating that the mortality rate in particular decreased in deeper layers (Table 2) .
324
There was a significant positive relationship between ALRP and ALRM in each tube and in each soil 325 layer ( Fig. 6 ; P < 0.0001). (Table 3 ). In the case of 328 using RLD mean , significant differences (P < 0.05) were also observed in production turnover in layers 
374
On the other hand, as in this study, FRB has been reported to exhibit relatively little, or no clear seasonal 
384
The root length-based production rate was high in the growing season, especially in mid-to late 385 summer, and low in the dormant season (Fig. 5) . Soil temperature was an important factor controlling 386 FRP in this cool temperate forest ( 
419
although both the cumulative effect of emergence (production) and fall (mortality) of Sasa leaves are 420 included in Sasa PAI (Fig. 1) . On the other hand, the present study also showed that FRP was imply that the timing of FRP is influenced by leaf phenology, as suggested by Joslin et al. (2001 
456
ALRM was lower than ALRP in each year by up to 60% (Table 2 and 
462
this imbalance between production and mortality to an underestimation of mortality due to the existence described above. In our study, the ratio of production to mortality (P/M) did not change much over time have been caused by high variation in FRP and FRM, and in RLD, which was influenced by climate rather than the interannual variation of turnover.
486
The uppermost value of 1.7 yr -1 obtained in our study was near the higher end of those described in 
494
Reports on FRM turnover rate are more limited than on production. Mean turnover of mortality in our 495 study (i.e. 0.5 or 0.7 yr -1 calculated using RLD max or RLD mean , respectively, in the surface 15 cm layer, 
496
500
In our study, the mean FRP calculated from RLD max and RLD mean (589 and 726 g m -2 yr -1 , 501 respectively) over three years was higher than that of other studies using minirhizotrons. For example,
502
FRP was 58-235 g m -2 yr -1 in jack pine, aspen and black spruce forests in Canada (Steele et al., 1997) 503 and 320 g m -2 yr -1 in a cedar plantation in central Japan (Noguchi et al., 2005) . In contrast, our data were 504 more consistent with those of Hendrick and Pregitzer (1993) 
514
However, the ratio of FRP (NPP fr ) to total NPP (NPP fr /NPP total , %) would be a more useful indicator
515
for understanding the role of fine roots in forest productivity, because NPP fr and above-ground NPP both 516 change between sites, although few studies have measured both fine-root and above-ground production.
517
In our study, NPP fr /NPP total was 36 or 41% (Table 4) depending on whether RLD max and RLD mean were 518 used to calculate turnover, respectively. These findings indicate that methods for calculating turnover 519 rate did not markedly affect the inferred contribution of FRP to total NPP, and that a significant portion 520 of forest net primary production was allocated to below-ground root systems. Vogt et al. (1996) 
525
On the other hand, Aber et al. (1985) reported that NPP fr /NPP total was 24-41% or 4-35% in broad-leaved and a sequential coring (max-min) method, respectively. Tateno et al. (2004) reported that NPP fr /NPP total 528 was 16-56% in a cool temperate forest in western Japan using an ingrowth-core method. The values in 529 our study were similar to the upper ranges reported by these studies and confirmed the significance of
530
FRP in forest NPP in our study area.
531
One of the imitations of our study could be the low spatial sampling intensity and the location of forests. Finér et al. (2011) proposed that FRP could be clarified more precisely if tree roots were tree and Sasa roots will be necessary to precisely estimate fine-root dynamics in this stand in the future.
549
On the other hand, this study has illustrated the important contribution that understory Sasa, which is 550 distributed throughout East Asia, makes to biomass and productivity both below-and above-ground.
551
Consequently, the contribution of understory vegetation to C cycling should be considered on a global 552 scale. Indeed, we have shown that FRP is a major component of NPP in this stand of cool temperate 553 forest.
555
Conclusions
556
We clarified the probable range of fine-root turnover in a cool temperate forest over a three-year. We 557 estimated that the mean fine-root turnover was 0.8 and 1. 
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Fine-root turnover rates of European forests revisited: an analysis of data from sequential coring and Table 2 . Changes in annual length-based root production (ALRP), annual lengthbased root mortality (ALRM), and the ratio of production to mortality (P/M) over time.
Mean values are shown with +1 SE in parentheses (n=3). Different superscript letters indicate significant difference between years at each soil depth. Table 3 . Mean fine-root turnover, or ratio of the mean annual length-based root production (ALRP) or mean annual length-based root mortality (ALRM) to the mean root length density in different years of the study.
Values are means +1 SE in parentheses (n=3). Results of two calculations using root length density (RLD max or RLD mean ) are shown. Different superscript letters denote a significant difference among years at each soil depth. Values are means +1 SD in parentheses. a n=3 for above-ground woody and woody coarse-root biomass increments, n=4 for above-ground Sasa NPP, n=6 for NPP fr , and n=9 for tree litterfall. b NPP fr calculated from RLD max are shown, followed by that calculated from RLD mean . Table 4 . Estimated forest net primary production (NPP) showing each component (above-ground NPP for each species and parts, and coarse and fine-root production).
Fukuzawa et al. Table 5 . Regression analysis of fine root production (FRP), fine root mortality (FRM), and environmental and endogenous factors.
N: Number of observation for each regression. ST: mean soil temperature, AT: mean air temperature, ΔSasa PAI: increment in Sasa PAI. FRP and FRM were log-transformed. * P < 0.05, ** P < 0.01, ***P < 0.001. Table 5 Fukuzawa et al. 
